Patients with cancer who use statins appear to have a substantially better survival than nonusers in observational studies. However, this inverse association between statin use and mortality may be due to selection bias and immortal-time bias.
P atients with cancer who use statins seem to have a better survival within several months of diagnosis than nonusers. In 3 recent meta-analyses of observational studies of prostate, 1 breast, 2 and colorectal cancer, 3 the cancer survival was 18% to 44% greater among statin users than among nonusers. The magnitude of this inverse association is stronger than the beneficial effect of statins on all-cause mortality (14%) in randomized trials of individuals without cancer, 4 which has led to calls for further research. 5 It is conceivable that the strong association between statin use and early survival in patients with cancer might be the result of a biologically beneficial effect of statins. For example, it has been hypothesized that statins may inhibit the proliferation of cancer cells. 6 On the other hand, this association might also be explained by bias in the observational studies.
At least 3 types of biases could explain the inverse association: (1) confounding due to incomplete adjustment by prognostic factors associated with statin therapy initiation and discontinuation after initiation, ie, healthy-user bias; (2) selection bias due to the inclusion of prevalent statin users at the start of follow-up, ie, at the time of cancer diagnosis; and (3) immortal-time bias due to defining statin users as those who survive during part of the follow-up. 7 The possibility of the first type of bias (confounding) is inherent to observational studies. However, the other 2 biases (selection bias due to prevalent users 8 and immortal-time bias) are the consequence of flaws in study design and analysis. We explored whether the association between statin use and survival in patients with cancer may be explained by selection bias and immortal-time bias rather than by an unexpected beneficial effect of statins. We present estimates of the effect of statin therapy initiation on the survival of patients with cancer that are unaffected by these biases and compare our estimates with those obtained by naïve analyses likely affected by prevalent user bias and immortal-time bias.
Methods

Study Population
The Surveillance, Epidemiology, and End Results (SEER)-Medicare database is a linkage of patient demographic and tumor-specific variables collected by 17 SEER cancer registries across 12 states of the United States with claim files from the Centers for Medicare & Medicaid Services. 9 For our analyses, cancer data were retrieved from the Patient Entitlement and Diagnosis Summary File (PEDSF) and linked to claims from the Outpatient (OUTSAF), Durable Medical Equipment (DME), Inpatient (ie, Medical Provider Analysis and Review [MEDPAR] ), and National Claims History (NCH) files. All patient demographics, tumor features, and census tract features were retrieved from the PEDSF file. 9 Diagnostic codes of comorbidities (hypertension, 10 hyperlipidemia, 10 anemia, 11, 12 depression, 13 tobacco use, 14 obesity, 15 and a composite cardiovascular event of myocardial infarction, stroke, congestive heart failure, or peripheral vascular disease) as well as the number of preventive visits within the 2 years preceding cancer diagnosis were extracted from inpatient and outpatient claims. We calculated the Charlson-Klabunde index, 16 not including cancer diagnoses, to quantify the comorbidity burden. Cancer-specific therapies were extracted from the NCH, OUTSAF, MEDPAR, and DME files. Data on statin medication was retrieved from the Prescription Drug Event file (PDE). All definitions and codes used are available in eTable 1 in the Supplement. The institutional review board of the Harvard T.H. Chan School of Public Health determined that the study met the criteria for exemption.
Eligibility Criteria
Our analyses include all microscopically confirmed cases of stages I to III colorectal, breast, prostate, and bladder cancer in individuals diagnosed with their first cancer at age 66 years or older who had complete information on stage in the SEERMedicare database from 2007 to 2009. All individuals had been enrolled in Medicare, parts A and B, but not in a health maintenance organization (HMO), during at least 1 year and in part D at least 6 months before cancer diagnosis, and had not been prescribed statins for at least 6 months before diagnosis (since data on prescription were available from January 2007, the earliest date of cancer diagnosis in our study was July 1, 2007) . We excluded individuals with cancer diagnoses from nursing homes, hospices, autopsy or death certificates, those who died within the same calendar month as the cancer diagnosis, and those with missing Charlson-Klabunde index at cancer diagnosis.
End Points and Follow-up
We considered 2 outcomes: cancer-specific mortality and allcause mortality. (For exact definitions, see eTable 1 in the Supplement.) All patient records were followed from date of cancer diagnosis (baseline) until whichever of the following events occurred first: (1) death, (2) loss to follow-up (due to enrollment with an HMO or discontinuation of enrollment in Medicare, part A, B, or D), or (3) the administrative end of follow-up (December 31, 2011, for all-cause mortality and December 31, 2010, for cancer-specific mortality because causespecific mortality was available only through 2010).
Key Points
Question Does selection and immortal-time bias influence the findings in studies of use of statin therapy that report reduced early cancer-specific and all-cause mortality in patients with recently diagnosed prostate, breast, colorectal, or bladder cancer?
Findings In patients with cancer identified through the SEER-Medicare database, the hazard ratios of mortality were 1 in comparisons between those who began statin therapy and those who did not. Strong, apparently beneficial effects of statin therapy use estimated by previous observational studies are likely owing to selection bias and immortal-time bias, biases that can be prevented with an appropriate study design.
Meaning An explicit target trial emulation helps avoid misleading estimates and found no evidence that initiation of statin therapy improves 3-year survival in patients with cancer.
Treatment Strategies
We compared the following 2 strategies: 1. Initiation of therapy with any statin (simvastatin, atorvastatin, fluvastatin, rosuvastatin, lovastatin, pitavastatin, pravastatin, or combination therapy including any of these) at any dose within 6 months after cancer diagnosis. Individuals assigned to this strategy might discontinue statin therapy at any time when clinically indicated. 2. No initiation of statin therapy during the follow-up.
Statistical Analysis
We explicitly emulated a target trial of statin therapy initiation among patients with cancer using observational data from the SEER-Medicare database. To do so, we created a data set with 2 copies of each eligible individual at baseline and assigned each of the replicates to 1 of the treatment strategies. 17 Replicates assigned to the statin strategy were artificially censored at 6 months if they had not initiated statin therapy by then. Replicates assigned to the no-statin strategy were censored if and when they initiated statin therapy at any time during the follow-up period. This approach avoided both selection bias due to the inclusion of prevalent statin users and immortal-time bias due to defining statin therapy initiation among survivors.
17
We fit pooled logistic models for each outcome (cancerspecific and all-cause mortality) including an indicator for the statin strategy (initiation vs no initiation), month of follow-up (linear and quadratic term), and the following baseline covariates: sex, cancer stage, cancer site, race, year of diagnosis, marriage status, Charlson-Klabunde index, a composite measure of previous cardiovascular disease, tobacco use, obesity, depression, hyperlipidemia, hypertension, and anemia based on claims during the year before diagnosis. These variables were selected because they are potential confounders for the effect of statin initiation on survival. Additional adjustment for census tract features did not materially alter the results. Because the outcome of the models is rare at all times, the odds ratio from this model approximates the hazard ratio (HR).
18
For the 2 outcomes, we also estimated absolute risks by fitting the pooled logistic models with product ("interaction") terms between the strategy indicator and the month of follow-up variables. The models' predicted values were then used to estimate the cumulative incidence of cancer-specific and all-cause death from baseline. The cumulative incidence curves were standardized to the baseline variables.
19
Because the censoring required by our analytic approach has the potential to introduce selection bias due to postbaseline variables, we estimated inverse probability weights for the outcome models. We estimated the denominator of the weights in the original study population via 2 pooled logistic models for statin therapy initiation that included the baseline covariates, month of follow-up (linear and quadratic term), and the following postbaseline (time-varying) covariates: CharlsonKlabunde index (0, 1, 2, 3, 4, ≥5, or missing), tobacco use, obesity, depression, hypertension, anemia, surgery, radiotherapy, chemotherapy, and a composite measure of cardiovascular disease. The first model was restricted to the first 6 months of follow-up (eTable 2 in the Supplement), and the second model to subsequent months (eTable 2 in the Supplement). For the statin arm, we used the first model to estimate the probability of initiating therapy with statins at 6 months if it had not been initiated previously (ie, the probability of remaining uncensored at the last month); during the first 5 months, the probabilities were set to 1, and after month 6, the weights remained constant (ie, were multiplied by 1). See eTable 3 in the Supplement for month-specific construction of the weights. For the no statin arm, we used the first model to estimate the probability of not having initiated statin therapy during each of the first 6 months, and the second model for the remaining months. Weights were truncated at the 99.5th percentile. We used a nonparametric bootstrap with 500 samples to appropriately compute the 95% confidence intervals (CIs) for the HR and cumulative incidence estimates from the expanded data set. All analyses were conducted using SAS software, version 9.4 (SAS Institute Inc).
Comparison With Previous Observational Studies
We identified observational studies included in the most recently published meta-analyses of statin use in patients with prostate, 1 breast, 2 colorectal, 3 or urological cancer. 20 Eligible studies for our analysis reported HRs, or other measures of relative risk, of cancer-specific mortality or all-cause mortality for statin vs no statin use among patients with stages I to III cancer followed up from time of cancer diagnosis. Because of substantial heterogeneity across studies, these relative risk estimates cannot be pooled using a fixed-effect approach. We therefore pooled the study-specific estimates using a standard random-effects approach 21 that estimates the average of the distribution of the estimates without imposing the assumption that they are all equal. These analyses were conducted using Stata 14 software (StataCorp LP). We classified these observational studies into 3 categories, as listed in Table 1 .
22-34
The first category included studies that classified individuals with a cancer diagnosis into 2 groups: those who used statin therapy at some point during the follow-up and those who did not (category 1 in Table 1 ). The comparison of these 2 groups may introduce immortal-time bias.
17,35,36 We conducted similar analyses in our data by classifying eligible individuals as initiators if they initiated statin therapy anytime during the first 6 months of follow-up and as noninitiators otherwise. In separate analyses, we varied the definition of initiators as those who initiated statin therapy during the first 12, 18, or 24 months, or at any time during the followup. That is, we did not duplicate individuals and assign each replicate to one of the strategies, but rather classified individuals as initiators or not at baseline based on postbaseline statin therapy initiation within different time frames. We then fitted unweighted pooled logistic models identical to the ones described above to estimate the HRs. The second category of studies (Table 1) compared current (ie, prevalent) statin users vs nonusers at cancer diagnosis. The comparison of these 2 groups may introduce selection bias. 37 To replicate this analysis in our data, we eliminated the exclusion criterion "no previous claim of statin use" and classified individuals at baseline as "current users" or "nonusers." Then, we fitted unweighted pooled logistic models to estimate the HRs. Finally, the third category of observational studies compared a mixture of prevalent users at cancer diagnosis plus new users during the follow-up vs nonusers.
Results
Patients From the SEER-Medicare Database
There were 17 372 eligible individuals ( Figure 1 )w i t ha median (interquartile range) of 33 (25-42) months of follow-up for all-cause mortality (maximum follow-up, 52 months) and 23 (15-31) months for cancer-specific mortality (maximum follow-up, 39 months). Of these, 1825 (10.5%) were censored owing to loss of follow-up. was more likely in those with hyperlipidemia, hypertension, prior cardiovascular events, and prostate cancer diagnosis (eTable 2 in the Supplement). A total of 1099 individuals died of cancer during followup. The HR (95% CI) of cancer-specific mortality for statin therapy initiation vs no initiation was 0.94 (0.89-1.00) in the absence of any adjustment, 0.96 (0.90-1.02) after adjustment for baseline covariates, and 1.00 (0.88-1.15) after adjustment for baseline and postbaseline covariates. The fully adjusted 3-year risk of cancer death was 10.2% in noninitiators and 9.4% in initiators; the risk difference was −0.8%(−3.7%to2.7%).
Altogether, 3286 individuals died over the follow-up period. The HR (95% CI) of all-cause mortality for initiation vs no initiation of statin therapy was 1.00 (0.96-1.05) in the absence of any adjustment, 1.02 (0.97-1.07) after adjustment for baseline covariates, and 1.07 (0.93-1.21) after adjustment for baseline and postbaseline covariates. The fully adjusted 3-year risk of death was 22.3% in noninitiators and 23.0% in initiators; the risk difference was 0.7% (−4.0 to 4.1). In 2734 individuals who died before 2011 (when specific cause of death was available), the recorded primary cause of death was colorectal cancer in 22%, breast cancer in 10%, prostate cancer in 4%, bladder cancer in 9%, other cancers in 8%, cardiovascular disease in 21%, and chronic obstructive pulmonary disease or pneumonia in 12%. The cumulative incidence curves for cancer-specific and all-cause death are presented in Figure 2 .
Comparison With Previous Observational Studies
In contrast with our null estimates, the pooled estimates from previous studies showed an association between statin use and survival (Table 1) . Similarly, we also found an association when we replicated the analytic approach of previous studies.
When the eligible individuals were classified in the statin therapy initiation group if they ever initiated statin in the first 6 months of follow-up (similar to the analyses used in category 1 studies of Table 1 ), the HRs (95% CIs) of cancer-specific mortality for initiation vs no initiation were 0.62 (0.45-0.85) in the absence of any adjustment, and 0.67 (0.49-0.93) after adjustment for baseline covariates. The HRs (95% CIs) of all-cause mortality were 0.83 (0.71-0.97) in the absence of any adjustment and 0.86 (0.74-1.01) after adjustment for baseline covariates. The HR estimates became stronger (ie, further from 1) as the postbaseline period used to define statin therapy initiation increased (Table 3) , which supports the existence of immortal-time bias.
When we compared the 17 458 prevalent statin users with the 17 372 nonusers at baseline (similar to the analyses used in category 2 of Table 1 
Discussion
Our findings suggest that statin therapy initiation after cancer diagnosis does not improve the early survival of patients with cancer. In an analysis that was susceptible to neither selection bias nor immortal-time bias, the HRs were essentially null. This finding is consistent with the results from previous meta-analyses of randomized trials, which did not find an effect of statins on cancer incidence or survival.
38,39
In contrast, analyses of our data inspired by previously published studies resulted in surprisingly strong HR estimates. A causal interpretation of these estimates as showing the existence of a large benefit of statins is unwarranted because these analyses are likely affected by selection bias and immortaltime bias. In particular, we found a clear trend toward an apparently more beneficial effect of statins (up to a 69% reduction in cancer-specific mortality) as the period used to define statin therapy initiation, and therefore the potential for immortal-time bias, increased.
Our analysis of the observational data explicitly emulated a (hypothetical) target trial of statin therapy initiation in patients with cancer. To do so, we set time zero of our analysis to correspond with time zero in the target trial, that is, the time when both (1) eligibility criteria are met and (2) treatment strategies are assigned. In contrast, previous observational studies used a time zero that violated condition 2. Some studies classified individuals as statin users based on statin use that took place before time zero (prevalent users), which may result in selection bias. Other studies assigned the treatment strategies based on information that was not available at time zero. This approach effectively ensures (1) that those defined as statin therapy initiators have a guaranteed period of survival (ie, an immortal time) between baseline and initiation and (2) that early deaths occurring before statin therapy initiation has been considered will be assigned to the noninitiators group.
Limitations
Limitations of our study include a relatively short follow-up period, which prevents studying the effect of statin therapy initiation beyond 3 years after cancer diagnosis. The study was also limited by the use of data based on diagnostic codes, which may introduce measurement error in the definition of initiation and discontinuation of statin therapy and in clinical diagnoses, and the possibility of residual confounding. However, none of these limitations affect the main conclusion of our analysis.
Conclusions
In summary, when applying a methodological approach that minimizes immortal-time and selection bias, we found no suggestion that initiation of statin therapy after cancer diagnosis improves the early survival in patients with stages I though III cancer. We hope that our analysis will contribute to the prevention of self-inflicted biases in future observational research using real world data. 
